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1. INTRODUCTION 

This report is addressed to all SPICE2 users involved in the design of MOS (Metal 
Oxide Semiconductor) IC's (Integrated circuits). The material contained herein serves 
as an addition to the SPICE2.G User's Guide [1]. 

The device and model parameters do'cum.ented refer to the SPICE2.G release ver­
sions from the University of California, Berkeley and obsolete the information con­
tained in the "SPICE2 MOS .Modeling Handbook" [2] which is valid for the SPICE2.D 
release versions. 

The impact of MOS IC's in both· an.alo~ and digital applications as well as the 
decreasing dimensions of the singl,e transis~ors enabled by advances in processing have 
made it necessary to refine the models and to provide more i~ormation about each 
device as it appears on the circuit layout. Associated_ with each MOSFET is a drain 
and source-j\mction sidewall capacitance (-which has a different voltage dependence 
than the bottom of the dit!usion) and a para:;;itic series resistance. These are unique to 
a certain geometry. At the model level there are effects which become important as 
the channel length and width go below- lO,um. A thorough description of all parame­
ters appearing on the element (device) card and model card is contained in Sec. 2. 

In SPICE2.G there are three different MOS models available to the user. The Level 
1 model is the simple Shichman-Hodges model implemented according to [3]. This first 
order model has been found necessary for checking out the correctness of hand calcu­
lations when understanding or developing new circuits. The Level 2 model is an analyti­
cal one-dimensional model which incorporates most of the second-order effects of 
small-size devices. The Level 3 model is a semi-empirical model described by a set of 
parameters which are defined by c\.uve-fitting rather than physical background. It is 
necessary for the circuit designer to know what are the equations governing the 
behaViour of the MOSFET's and what is the influence of the various model parameters 
even if hand calculations are almost impossible at this complexity. This insight of the 
MOS2 and MOS3 model equations is found in Sec. 3 and?. 

The accuracy of the model depends hea...,ily on the values of the input parameters. 
These input parameters should be related to the particular process used at each 
manufacturing site. The large number of parameters which describe the model require 
the existence of a parameter extraction system. Sec. 5 provides some detail on how to 
use some simple preprocessor programs for the evaluation of the SPICE2 input param­
eters from the measurements taken on test devices. 

Sec. 6 gives an example of a sample SPICE2 MOS IC irllput deck stressing the corre­
lation among different model parameters and the importance or modelling various 
second-order effects for a good agreement ·with measured performance. 
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2. DESCRIPriON OF MOSFET PARAMETERS 

2. 1. Device Parameters 

According to the new format of the MOSFET device line [1] there are up to 8 
parameters describing each geometry. With the exception of W and L {which are 
defaulted to lm), all other parameters default to zero if not specified. 

W and L are the channel width and length in meters as measured on the layout: 

AD and AS are the drain and source area, respectively; they scale the parameters 
JS and CJ of the model line. If not specified they are assumed zero. When absolute 
values for the junction reverse current (IS) or the junction capacitances (CBD, CBS) are 
input on the model line the areas can be omitted. AD and AS are measured as if on a 
layout and thus model the bottom of the junction. 

PD and PS are the perLrneters of the drain and soLu:ce respectively; they multiply 
the junction sidewall capacitance CJSW specified in F /m on the model line. 

NRD and NRS are the number of squares of the parasitic series resistance of the 
drain and source diffusions as estimated from the layout. !\RD and NRS multiply the 
sheet resistance RSH given on the model card. An alternate way to specify series resis­
tances for the drain and source is to enter the total values RD and RS on the model 
card; these values will then be added to all devices which invoke that particular model. 
When RD and RS appear in the def.Lili.tion c.f a model then those devices referencing this 
model need no l'llm or NRS. 

As is seen from the above there is a close correlation between the parameters 
which appear on the device card and the parameters input on the model card. Since a 
hierarchical order of the model parameters is given in the following paragraph,only a 
single example is mentioned. The presence of NSUB on the model line automatically 
calls for the calculation of CJ. A way to strip the model of any bottom junction capaci­
tance is to delete AD and/or AS from the device card. 

2.2. Model Parameters 

This section rather than reproducin,g the information contained in the User's 
Guide groups the 37 parameters describing the MOSFr~T model in a logical manner. 

LEVEL indicates the program which model is desired; 
LEVEL=l invokes the Shichman-Hodges model (default); 
LEVEL=2 invokes the "MOS2" model to be described in the following section; 
LEVEL=3 invokes the semi-empirical model described in Sec. 4. 

A first classification is to divide the input data into "F;tectr'.cal" (derived) and "Pro­
cessing" (primary) parameters. According to this view poir:.t, V1'0 and GAM.MA are 

-2-

, 



electrical and NSUB and TOX are processing parameters. For all models both kinds of 
parameters can be entered with the general convention that the electrical data will 
always override the value computed from processing data if also specified. Thus if VTO, 
NSUB and TOX are input the threshold voltage will assume the value entered as VTO, 
while, e.g., GAMMA will be computed from NSUB and TOX. 

The following 5 data are the Electrical (derived) parameters: 

VTO is the Extrapolated Zero-Bias Threshold Voltage of a long and wide channel 
device. This voltage is derived at the onset of strong inversion and marks the point 
where the device starts conducting if the weak inversion current is neglected (see the 
description of the parameter NFS). 

If VTO is not an input parameter and NSUB and TOX are specified, SPICE2 will 
evaluate the threshold from the equation 

where 

VFB = rpus - ....,q.;...N...;..S....;.S_ 
Cox 

(2.1) 

(2.2) 

is the fiatband voltage [ 4]. [5] and rfJJJS is the metal (poly-silicon) semiconductor work 
function difference. VTO will be printed out in the summary of the model parameters 
at the beginning of the SPICE2 output. The value V'I'H which is printed in the operating 
point information represents the threshold for given terminal voltages and for the par­
ticular device including size dependence, {see Sec. 3.1.). 

KP is the Intrinsec Transconductance Parameter. lf it is not specified and UO (sur­
face mobility) and TOX are entered, it is computed by the program according to the 
equation 

KP=UOx.Cax (2.3) 

GAMMA is the Bulk Threshold Parameter and represents the proportionality factor 
relating the change in threshold voltage to backgate bias. It is encountered in the 
expression of VTO, the drain-source current IDs, and saturation voLtage. 'When it is not 
input and if the necessary processing parameters are given, it is derived from 

(2.4) 

if the necessary processing parameters are given. 
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PHI is the Surface Potential at strong inversion 21" F· When not input it is com­
puted from 

PHI= 2kT lnNSUB 
q ni (2.5) 

LAMBDA is the Channel-Length Modulation Parameter and is equivalent to the 
inverse of the Early voltage tor the bipolar transistor and is a measure of the output 
conductance in saturation. By specifying this parameter the MOSFET will have a finite 
but constant output conductance in saturation. 

If LAMBDA is not input the LEVEL=l model will assume a zero output conductance 
while the LEVEL=2 model will compute a finite and voltage-dependent output conduc­
tance defined by 

- AL LAMBDA- L Vi 
X DS 

(2.6) 

where L is the channel length input on the device line less the lateral diffusions of the 
drain and source, LD, and 6.L is a function of VDs find VnsAT as is shown later. 

The above set of electri.cal parameters is adequate for the LEVEL=l model. 

In the following the parameters which charac:terize the gate and channel of the 
MOSFET are summarized. These parameters are further classified as oxide charac­
teristics, charge concentrations and mobility parameters. 

The characteristics of the thin oxide are listed below. 

TOX is the Oxide Thickness and comes into the calculation of the conduction fac­
tor, backgate bias effect and gate-channel voltage-depende-:lt capacitances. 

If not specified, in the LEVEL=l model TOX will be assumed infinite, i.e., VTO, KP, or 
GAMMA will be defaulted rather than computed if these last quantities are not entered 
directly. The gate capacitances, Cas. CcD and CGB are assumed to be the overlap capa­
citances, i.e., they are constant with voltage. In the LEVEL=2 and =3 model, TOX 
defaults to lOOOA implying that the gate capacitances are always voltage-dependent. 

CGSO is the Gate-Source Overlap Capac:it.ance per meter channel width and 
represents the capacitance due to the lateral diffusion of the source in a silicon gate 
MOSFET; the input value is multiplied by the channel wicllh. This is the constant part of 
the total Ccs capacitance which has also a cont-~ibution due to the thin oxide capaci­
tance (the voltage-dependent charges i':ssociated ¥r;th the gate and channeL). 

CGDO is the Gate-Drain Overlap Capacitance per mGter cha.11.nel ·width. The same 
considerations as above apply. 

CGBO is t.he Gate-Bulk Overlap Capacitance per met::!r channel length and is, as 
opposed to the above capacitances, a field oxide Ciipacilance.lt is the result of the 
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requirement that the gate has to extend beyond the channel by a certain amount 

according to the specific design rules. The total C9P overlap capacitance results by 

multiplying the above value by the channel length. 

There are five parameters which describe or relate to charge concentrations. 

NSUB is the Substrate Doping and is used in the derivation of most of the electri­

cal parameters. The effect of implants can be added by specifying different VI'O's and 

maintaining the same NSUB in the different models for the calculations, say of the 

junction capacitances. NSUB can be specified for a LEVEL=l model as well and it 

assumes the same role. 

NSS is the Effective Surface Charge Density and is used for the evaluation of VTO. 

In most cases it is more accurate to specify VTO as obtained from a parameter extrac­

tion system rather than NSS. 

NFS is the Effective Fast Surface State Density and serves both as a flag for the 

evaluation of subthreshold currents and as a quantity co;Jtrollir..g the amount of 

subthreshold current flowing in the device. If not specified, the MOSFET conducts only 

in strong inversion. This parameter is meaningless for a LEVEL=l modeL 

NEFF is the Total Channel Charge (Fixed and M:obile) Coefficient. It is used as a 

multiplicative factor of NSUB in order to get the proper value of the output conduc­

tance in saturation. Physically it accounts for the fact that in the channel there is 

both mobile and fixed charge and the total amount has to be considered for computing 

the output conductance. NEFF has mea.."ling only when the velocity saturation model is 

used (VMAX is specified) in the LEVEL=2 model. 

TPG is the Type of Gate indicates whether the simulated device has a metal or 

polysilicon gate (and which polarity type relative to the substrate). The NGATE param­

eter of the older SPICE2 (D and E) versions has been deleted since the poly gate is usu­

ally heavily doped and the Fermi level is located very close to one of the band edges. 

A last group of parameters characterizing the gate and channel refer to the pro­

perties of carriers in the conductive channel. The first four describe the surface mobil­

ity and its variation with the electric field. 

UO is the Surface Mobility at low gate voltages. It is the only mobility parameter 

which has meaning for a LEVEL=l or =3 model. 

UCR1T is the Critical Field for Mobility Degradation and is the limit at which the 

surface mobility UO starts decreasing according to the empirical relation given below. 

UEXP is the Critical Field Exponent for the empirical formula which characterizes 

the degradation of the surface mobility. 

UTRA is the Transverse Field Coefiicient for the empirical mobility degradation for­
mula. 
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The above four parameters enter in the following equation of the surface mobility 
degradation [ 6) 

(2.7) Uo 
f UCRJTx~si 

P.s = xl Cax(Vas- Vrn- UTRAxVos) 

'.JEXP 

The above parameters are determined best by curve fitting as is shown in Sec. 5. 
In most cases UTRA can be chosen between 0.0 and 0.5. 

VMAX is the Maximum Drift Velocity of Carriers and affects the drain-source 
saturation voltage of the MOSFET. It has been proven that for devices with channel 
lengths shorter than lOJ.L the drain current saturates before the channel pinches off 
because the electrons (holes) reach the scattering limited velocity in the channel. The 
model proposed by Baum and Beneking [7] ru.J.d first used in the SHOMOS model [B] is 
applied in order to get VosAT from the following equation 

VMAX = fvsAT 
WxQcnAN 

(2.8) 

where losAT and QcnAN are functions of VosAT· More details about this are given in the 
following section. 

VMAX also acts as a flag in the LEVEL=2 model. When specified the scattering lim­
ited velocity of carriers determines VosAT; otherwise the pinch-off approach gives VosAT· 
This parameter is meaningless for the LEVEL=l model. When specified in LEVEL=2, the 
channel shortening effect uses t..":te l\EFF parameter as introduced above (see also Sec. 
3). 

A last category of parameters characterize the drain and source junctions of the 
MOSFET. There is some overlap among some of these parameters, e.g., the reverse 
current of the j1mction can be input either as IS (in A) or as JS (in A/m2). Whereas the 
first is an absolute value, the second is multiplied by AD and AS to give the reverse 
current of the drain and source junctions respectively. This methodology has been 
chosen since AD and AS default to zero. The mme procedure applies also to the zero­
bias junction capacitances CBD and CBS on one hand, and CJ on the other as is seen in 
the following description. 

RD and RS are the Drain and So,J.rce Ohmic Resistances ru.J.d are values which apply 
to all devices invoking the model in which they are specified. (This was the only way for 
the SPICE2.D and .Eversions to include series resistances). 

RSH is the Sheet Resistance of the Drain and Source Diffusions and is multiplied by 
the number of squares NRD and NRS which are entered on each device card to give the 
total drain and source ohmic resista:1.ce respec'jvely, for each dr~vice. 

-6-
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When both the total value (RD or RS) and the RSH are input the total value over­
rides. 

CBD and CBS are Zero-Bias B-D and B-S junction capacitances and are total values 
for all devices which reference the model where they are speci.tled. · 

CJ is the Zero-Bias B-D and B-S junction capacitance per m.2 of junction area and is 
multiplied by the areas AD and AS. entered on the device card to give total values for 
the B-D and B-S junction capacitances. ,respectively, specific to each single device. CJ 
is computed automatically by the program if NSUB is specified and a step junction is 
assumed. 

When both the total value (CBD or CBS) and CJ ,(or NSUB) are input, the total value 
overrides. 

MJ is the Grading Coetricient of the :B-D and B-S junctions and applies to both CBD 
and CBS, or CJ. 

The above capacitances are well suited for modeling the bottom of the junctions. 
lt has been found experimentally that .an important part of the junction capacitance is 
contributed by the sidewall of the diffusion which extrapolates to a different zero-bias 
value and grading coefficient than those pertaining to the bottom of the diffusion. The 
following two parameters account for this capacitance. 

CJSW is the Zero-Bias Junction Sidewall Capacitance per meter of Drain and Source 
Perimeter. It is multiplied by PD and PS entered on the device line to give the drain 
and source junction sidewall capacitances, respectively. 

MJSW is the Grading Coefficient of the Junction Sidewall. 

All the above capacitances and grading coefficients are determined best from 
curve fitting of measurements taken on specially designed test chips as is outlined in 
Sec. 5. 

The total junction capacitance can be expressed as follows: 
For reverse bias, Vns < FCxPB (see below for explanation of FC and PB) 

Vns Vns CBSror = CJ [ ~lO + CJSW [ PS r"' 
1 - PB 1 - PB 

(2.9) 

For forward bias, Vns > FCxPB 

AS fl VBs ] 
CBSror = CJ (

1 
_ FC)(Hll/) 1- FC(1+.MJ) + PB :K/JJj + (2.10) 
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CJSW {l _ F::cl+MJSW) [1- FC(l+-MJSW) + ~; xMJSW] 

The above equations insure a smooth transition from the reverse bias region to the 
forward bias region and prevent the capacitance from increasing to infinity. 

IS is the Reverse Current of the Drain or Source Junctions and is a total value, the 
same for all the drain and source junctions of the devices which reference the model 
containing IS. 

JS is the Reverse Current Density of the Drain or Source Junction per m 2 of junc­
tion area. The total value IS results from a multiplication by AD and AS and is specific 
to each junction of each transistor. 

If neither of the above currents are specified, the program will default IS to l.Of::-
14 A. If both IS and JS are specified, IS overrides JS. 

PB is the Bulk Junction Potential is used in t2e junction capacitance formulation. 

FC is the Forward Bias Nonideal Junction Capacitance Coefficient and is used as 
shown above in matching the tre.nsition point a!J.d voltage cha.!'acteristic of the junction 
capacitance when bias changes from reverse to forward. The default value of 0.5 
proves satisfactory most of the time. 

XJ is the Metallurgical Ju..llction Depth. 

LD is the Lateral Diffusion Coefficient in meters. The effective channel length is 

L = LJl- 2xLD (2.11) 

where Lg is the length on the circuit mask input on the device line. In all subsequent 
equations L represents the effective channel length. 

LD is used for the computation of L only, whereas XJ is both a flag and parameter 
used in the evaluation of the short-channel effect. 

The only param.eters not mentioned so far are 

Kl" is the Flicker Noise Coefncient 

Ali' is the Flicker Noise Exponent.These two parameters are used in the small­
signal AC noise analysis to determine the equivalent noise current generator connected 
between drain and source, the value of which is 

(2.12) 

In the future an improved noise model for the ~IOSFET is needed. 
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Listed below are four model parameters which are specific to the LEVEL=3 model 
only. For this model. the parameters I...AlviBDA. UCHIT, UEXP, UTRA, and NEFF are mean­
ingless. 

ETA is the Static Feedback Effect Parameter. It is the proportionality factor which 
multiplies the value of VDs in the Vrn equation implemented in MOS3 to model the 
static drain to gate feedback effect. 

DELTA is the Channel Width Factor. This is an empirical factor which adjusts the 
depleted bulk charge underneath the gate to be in agreement with the observed thres­
hold voltage increase in narrow-channel devices. 

THETA is the Empirical Mobility Modulation Parameter and is used to compute 
mobility degradation as a function of Vas. 

KAPPA ·is the Field Correlation Factor. It is used to adjust the electric field across 
the surface depletion region of the device in saturation. 
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3. lMPLEMENTATION OF SIIALirSIZE DEVICE SECOND-ORDER EFFEECTS IN THE ,, ··,'. 

KOS2MODEL 

This section presents the main features of the LEVEL=2 (MOS2) model and the 
equations which describe the various first- and second-order effects. 

The following efiects are modeled in MOS2: 

- Backgate bias and small-size (short- and narrow-channel) etrect on threshold voLtage 
considering also the static feedbac-k from drain to gate; 
- Saturation due to the scattering limited drift velocity of carriers and finite voltage­
dependent output conductance; 
- Surface field dependent mobility; 
-Weak inversion conduction; 
- Charge controlled model of regenerative effects; 
-Variation of all quantities with temperature. 

In the rest of this section the pertinent equatio:JS are listed with emphasis on the 
infiuence of the different input parameters. 

3.1. Threshold Voltage 

From the zero-bias threshold voltage VTO given in Sec. 2, which applies for aMOS­
FET with large dimensi.ons (W, L > 20,um) and with the source and bulk connected 
together SPICE2.G readjusts tbis value to Vm at each operating point and for each 
transistor according to its size. 

Physically the following effects take place: 
-An increase of the bulk-to-source voltage increases the depleti.on charge which causes 
Vm to go up. 
-In a short-channel device part of the depletion charge in the bulk terminates the elec­
tric field of the drain and source junctions. The electric field from gate to bulk 
depletes less charge and thus Vrs is lowered. This can be viewed by the trapezoid 
approach introduced byYau [9] a..'ld which is used by SP1CE2 (see Fig. 3.L). 
-The edge effects in a narrow channel cause the depletion charge to extend beyond the 
width of the channel. The gate-to-bulk field has to be increased to balance this charge; 
thus, Vm increases (see Fig. 3.2.). 
- The amount of charge underneath the gate depleted by the drain junction field rather 
than the gate-to-bulk field increases with llJs thus lowering Vrn· This effect is approxi­
mated geometrically in MOS2 as sho>m in Fig. 3.3. and is referred to as the static 
drain-to-gate feedback on threshold. 

An equation for Vrn which sums up th:::! above features, can be expressed as 
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where 

TrE:sJ 
VaiN= Va1 +DELTA c, W (2~p-Vas) 

4 ox 

is the c~rrected built-in voltage for narrow channel, and 

(3.1) 

(3.2) 

(3.3) 

1s is the corrected GA.\i:MA for short-channel with static drain-to-gate feedback (see 
Fig. 3.3.) 

(3.4) 

where a.D und as are the correction factors for the depletion charge at the drain and 
source, respectively, 

(3.5) 

(3.6) 

The depletion widths Ws and W.D are 

(3.7) 

(3.8) 

where 

(3.9) 

The implementation of the geometry in Fig. 3.3. represents an idealizati.on of the 
actual depletion layer shape. Preliminary results show that it offers a good approxima­
tion at. a minimum computational eft'ort. 

It should be noticed that the absence of XJ from the input file bypasses the correc­
tion for short channel effect. 

-13-

l 

i 



GATE 

/ ____ _,.,./ 

SUBSTRATE 

' ' ........ ...__ ______ _ 

DASHED ZONE-BULK CHARGE DEPLETED BY GATE 
FIELD 

FIG. 3.3 

-14-

l 



3.2. Drain-source Current 

In order to correct for small dimensions, the implemented drain-source current 
equation is slightly modified relative to previous formulations [ 4], [5] which include the 
effect of the bulk charge. 

The current in strong inversion ( Vcs > VTH) is given by 

where 

It can be seen that the narrow channel effect is included through VsiN given in Eq. 
(3.2) and 1J. The short channel uses the corrected GAM:.\fA. "'S· J.is represents the 
degraded surface mobility. For large W and L the above equations revert to the well 
known forms [ 4], [5]. 

3.3. Operation in tb.e Saturation Region 

3.3.1. Saturation due to Pinch-off; Channel Length Modulation 

As mentioned earlier, if VM...AX is not input the program computes the saturation 
voltage VnsAT assuming the channel pinches off at the drain limit. With the corrections 
for small-size effects, VDSAT is 

y; ~( Vt...;;;cs"'---Vi...;;;p=1N...;,)-+ 1 r "'s 1211 _ rl +4(.!Ltf. Vcs- VBJN 
DSAT = 1'} 21-:;Jl l "'s J l 1'} 

(3.11) 

The finite output conductance observed in sai:.urati.on is due to the spread of the 
p-inch-off region into the channel thus reducing the effective channel length, 
La11 =L -/).L, and increasing the geometrical ratio of the conduction factor. 

w w 
(3.12) L- 6.L L ( l -LAMED Ax V.:9s) 
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LAMBDA= AL 
LxVDs 

If LAMBDA is not an input parameter. 'its value is computed according to Eq. (3.12) 
where 

(3.13) 

This formulation does not include the effect of the field between gate and drain and 
gate and pinch-off point respectively [10]. but insures the continuity of the current and 
its first derivative at the transition from the triode- into the saturation region (impor­
tant in an iterative solution algorithm of nonlinear simultaneous equations). Another 
drawback of the above formulation of the channel modulation. is that it overestimates 
the output conductance in saturation. 

One problem with short channel devices is that at high VDs punch-through occurs. 
This effect is not modeled in SPICEZ. In order to prevent the channel length from going 
negative. Eq. (3.12) is used only when the effective channel length 4,/f is larger than 
the zero-bias depletion layer width Ws. (Ws=XD....rF!J). When L811 gets smaller than 
We. Eq. (3.12) is replaced by 

Lsll = 
We 

6-L-L (3.14) 1+ max 
We 

where 

Lma:z. = L-We (3.15) 

Although this equation does not model punch-through it prevents numerical non­
convergence problems that have been observed. 

3.3.2. Saturation due to Scattering Limited Velocity; Chmtnel Length llodulation 

In short-channel MOSFET' s the saturation of the current occurs because the 
charge carriers reach their maximum scattering limited velocity before pinch-off. In 
other words, a lower current is expected from a short chan:1.et device as compared to a 
long channel device of identical geometric ratios, processing and biasing conditions. 

V.Ds,tr is obtained as the solution of Eq. (2.8) after substituting the expressions for 
IDsAT and QcHAN· This leads to 
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A problem arises because QCHAN is defined at the point where the carriers reach their 
maximum velocity. This point moves towards the source as VDs increases. The shorten­
ing of the channel is implemented in MOS2 as proposed by Baum [7], 

(3.17) 

In this theory on a Vcs=constant curve, the saturation voltage varies (decreases) as 
VDs increases. From a numerical point of view this requires the simultaneous solution 
of two nonlinear equations, i.e., iterati.ve computation which increases the computer 
analysis time. There is a proposal [ 11] which limits the solu~ion to two iterations. Hew­
ever the method adopted in SPICE2.G precludes any nested iterative process based on 
the following assumptions: 
First, defme V.DsAT according to Eq. (3.16) with Lefl =L and use thi.s value for any VDs on 
a Vcs = constant characteristic. This is based on the fact that Eq. ( 3.1 7) does not pro­
vide an accurate description of the output conductance in se.turation and NEFF has to 
be used as an empirica~ factor. In the expression of XD, Eq. (3.9}, NSUB is replaced by 
NEFF*NSUB. 
Second, good agreement of the simulated and measured I-V characteristics can be 
obtained by adjusting NEFF. 

A closed-form solution can be obtained as follows. Eq. (3.16) can be simplified to 
obtain 

v2 x 2 2 !L 
cv~--z-z--1(x2- v2)-vs(x3-v22) 

vl-?'sx-x2 
v = 

(3.18) 

where 
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Eq. (3.16) can be written as a quartic equation 

with 

_4 
a- 'O'"ls 3 

3 

ct=-V2
2-trs V22+2V1 V2 +2vV1 

(3.19) 

This equation can be solved by Ferrari's method. Among the 2 or 4 real roots. the 
smallest positive one is the valid solution; the choice is based on the fact that the equa­
tion represents the difference 

(3.20) 

which decreases as VDSAT increases. 

In some cases the equation might not have a real solution. In this case the pro­
gram computes VDsAT based on the pinch-off approximation and prints out a message. 

3.4f. Weak Inversion Conduction 

A MOSF'ET is not an ideal switch which starts conduction abruptly; there is current 
flowing in the device below the threshold voltage which marks only the onset of strong 
inYers.ion. 'This current is kno-wn as the weak inversion or subth..reshold current. The 
simulation of this behaviour is important for present day MOS circuits which are often 
designed to operate in the weak inversion regicn. The model implemented in SPICE2. G 
uses as a ~tarting point the analysis performed by Swa.cson and Meindl for CMOS dev­
ices [ 12]. 

As shown in Fig. 3.4. a new threshold voltage VoN is defined, above V711 . which 
marks the transition from the >-reak inversion to the strong bversion characteri.stic; 
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nkT 
VoN=VrH+-­

q 

where 

CFS CD 
n=l+~-­

Cox Cox 

CFS=qxNFS 

C 
_ BQB _ [ d.../2rpF-Vns 

D- --- -"'s 8Vss dVes 

(3.21) 

(3.22) 

(3.23) 

ays m:s/ 
aVes .J2rpF-Vns + DELTA 4 CoxW Cox (3.24) 

NFS is introduced as a parameter in the evaluation of VoN· Its presence is neces­

sary to invoke the weak inversion feature. NF3 is not related to the physical nature of 

the subthreshold conduction, which is not determined by the fast surface state density. 

It is a curve-fitting parameter which can be extracted from measurements. 

In the above equation it is important to notice that the quantity .../2rpF-Vns which 

is a multiplicative factor of the depletion-charge formulation assu..'lles that Vas is nega­

tive. A more exact way to express Eq. (3.24) is to replace the square root by a F( Vns ). 

In the new 1IOS2 model. this function is made to decay asymptotically towards zero 

when l'Bs becomes positive rather than clamp it to zero as was the case in the 

SPICE2.D and .. E versions; 

F(Ves) = ~ 
1+ Vesl4rpy 

(3.25) 

The weak inversion current equation for VGS<VON is 

(3.26) 

This equation insures the continuity of the current at VoN but not the continuity of 

the first derivative in contrast. to the previous formulation [2]. This alternative has 

been chosen since ·uw eariier expres:;;ion sw'fered. from introducing a negative resis­

tance in the IDs-VDs.Vcs =constant charactenstics. 
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In order to obtain the usual aspect of the characteristics in the !Ds-Vos plane a 
saturation voltage is defined at Yes= YON which replaces VDS in Eq. (3.26) when the 
latter becomes larger than the former. The role of the exponential factor is then to 
scale this characteristic. 

3.5. Temperature Dependence 

The MOS2 model readjusts all temperature-dependent variables in the drain­
source current equation. These include 
-proportionality with T of the Fermi potential tpF; 

-variation with temperature of the energy gap; 
-temperature dependence of the built-in voltage PB of the drain and source junctions; 
-mobility variation as r-:V2; 

-temperature variation of the reverse current of the diffused junctions. 

3. 6. Charge-Oriented Hodel for Mosn:I' Capacitances 

Meyer's capacitance model [13] which has been used in earlier versions of SPICE2 
suffers from a fundamental weakness: it does not conserve charge. An improved for­
mulation of the charge-oriented model proposed by Ward and Dutton [14] is used in 
SPJcgz.G. The new model is based on the actual distributton of charge in the MOS 
structure and its conservation: 

(3.27) 

The current flowing at any terminal of a region can be related to the charge contained 
in that region, i.e., · 

. dQc 
'l.c=-­dt 

(3.28) 

The equivalent terms of the modified nodal admittan~e matrix are found by using the 
num(lrical implicit integration algorithm already built in~o ti1e circuit simulator for the 
transient analysis [ 15], 
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tl 

Jidt = Q(tJ)-Q(to) (3.29} 
Co 

The charges at any time point are assumed a function of only the terminal voltages at 
that. same time point. Due to the complexity involved in fmding the derivatives, a sim­
ple formulation is used for the charges [16] which is adjusted for continuity at the tran­
sitic'ns between regions of operation. The exact formulations are the subject of a 
future write-up. lf the trapezoidal integration formula is used, Eq. (3.29) can be rewrit­
ten as follows 

(3.30) 

where x stands for GB, DB and SB, andy for G, B, D a~,d S. The subscripts indicate the 
time point and su:)erscripts the iteration. Thus quantities at time point "0" are known 
(previous time point), quantities at time point" 1" iteration "0" are also known from the 
solution of the last iteration at the present time point. Time "1", iteration "1" is the 
curr,ent iteration which, by substituting the above equation into the modified nodal 
syst~lm, has V=\ as a solution. 

Defining capacitances for the small-signal analysis 

(3.31) 

one notes that between each pair o! nodes there are two capacitances, which in general 
are different. 

l~ig. 3.5. plots the voltage~ dependerr~e of the various terminal capacitances associ­
ated with the Qc and Q0 chargE!S. Only six capacitances out of a total of twelve defined 
by Eq. (3.31) are independent due to the charge-conservation principle expressed by 
Eq. (~:1.27). Qs and Qv share equal parts of the channel charge QcHAN in the linear 
region. Jn saturation QD gets only XQC x QcHA..V where XQC is a model input parameter 
which defaults to zero; Qs results from Eq. (3.27). 
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4. TID! MOS3 YODEL; A SEMI-EMPIRICAL MODJ<ili FOR SMALL GEOMETRY :MOSFET'S 

A small-geometry MOSFET, defined as a transistor with L~2J..Lm, and W~Z,um is 
characterized by the following features : 

- threshold-voltage sensitivity to the length and the width of the device due to the two­
dim.ens:ional nature of potential distribution; 
-threshold-voltage sensitivity to the drain voltage due to the drain induced barrier 
lowering; 

-relaxed transition between linear and saturation regions, and lowered saturation vol­
tage and saturation current due to the velocity saturation of hot electrons. 

ine MOS3 model has been develop~d to. address the above features and the computa­
tional e~tiiciency. The companion capacitance model. which conserves charge (14], is 
also derived and implemented. 

Instead of repeating the physical ex1)!_anatio;:-1s al:reacy prese:1ted in the previous 
section, the MOS3 model is described in simple terms wi.th emphasis on the different 
approaches between the MOS2 and MOS3 models, followed by the parameter extraction 
methodology of those newly introduced pe.rarneters and the performance comparision 
between MOS2 and MOS3. 

All the parasitic resistances, overlap and junction capacitances are described by 
the same parameters as in MOS2. The mocel parameLers relating to the intrinsic MOS­
FET are designed to be compatible '1\rith those of .MOS2. The rule of "Electrical" and 
"Proces:;ing" parameters also holds for MOSS. The four new parameters which are 
specific to MOS3 are described in Sec. 2. ETA, DELTA and KI\PPA are dimensionless 
"Electrical" parameters, of typical values close to 1. THETA is an "Electrical" parame­
ter of unit 1/Volt. Its typical value is approximatedly 0.1. 

4. 1. Tbi'eshold Voltage 

The relationship between VTH, the threshold -voltP.~.ge, and the substrate bias devi­
ates from the first-order square root dependence as the device dimensions are scaled 
dovm. This is mainly because the built-in potential depends logarithmically on the sub­
strate doping which is scaled u.p proportionally with the dimensions. This feature is 
modeled by decoupling the effects of channel length, channel w:dth and static feedback 
from drain to gate. Each of these features is enabled by specifying the parameters XJ, 
DELTA and ETA, respectively. 

The short-channel effect, the dEcrease of Vm a3 the channel length is scaled 
down, is modelled with Dang's [ 17] modified trapezoide:u approach, reckoning with the 
influence of cylindrical field distribution (~ee Fig. 4.1). 
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The narrow channel effect, the increase of Vm as the channel Width is scaled down, 
is modelled by taking in:.o account the extra bulk charge at the edge of the channel as 
described in the previous section. To include other edge ~fleets such as the existence 
of field implant and non~planarity due to the LOCOS process, the empirical parameter 
DELTA is introduced. 

The static feedback effect can be explained as a consequence of the drain induced 
barrier lowering [ 18]. A term, linearly proportional to Vns. is included in the Vm 
exprel!:sion. The constant of this term is inversely proportional to the oxide capaci~ 
tance and the cube of the channel length [19]. The parameter ETA is introduced to 
allow more flexibility. 

An. expression for Vm ·which sums up the above features is formulated as: 

(4.1) 

where 

u = caef ficient of static feedback (4.2) 

- 0 
-ETA CoxLs 

(4.3) 

:: 8.15X10-22 (Fxm) 

Fs :: coTTection factor of short channel ef feet (4.4) 

XJ rlLD +We v I Wp/XJ r w1 
:: l- T XJ . l- l+Wp/XJ - XJ] 

LD is the lateral diffusion length, Wp is the depletion layer Width of a plane junction. We 
is the depletion layer width of a cylindrical junction and 

(4.5) 

d 0, d 1 and d2 are empirical constants of values : 

dl ;:;: 0.8013292 
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and 

d2 = -0.01110777 

FN = correction fa.ctar of na.rrow channel ef feet 

=DELTA msi 
2CoxW 

XD = coef f'i.ciant of depletion la:yer width 

- r--rrsi = v (/iiSUB 

4.2. Basic Drain CUrrent Equation 

The drain current can be expressed as : 

Vos 

IDs = fJ { [vG9- VrH(Y >] d~ 

Vos 

= fJ f[vGS- Vm-(1+F8)Vy] d'Vy 
0 

where 

w 
fJ = --;;.EFF Cox L 

FB = Taylor series expansion coefficient of bulk charge 

After the integration, the following equation is obtained [20] : 

r 1+Fe l IDs = fJ lVcs - VrH - 2 VDS Vns 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

With such simplicity, an explicit saturation voltage expression is guaranteed. Based on 

the assumption that the VDs dependent term in VTH represents the average drain vol­
tage influence on the channel potential. it is treated as a constant throughout the· 
integration. 
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4.a. Surface Mobility Modulation by Gate Voltage 

The simplest empirical equation is used to enhance the computational speed : 

(4.12) 

4.4·. Velocity Saturation of Hot Electrons 

The saturation of hot electron velocity lowers the conduction current in the linear 
re~ion. Thus relaxes the transition between the linear and the saturation regions. In 
the linear region this effect is modelled by the conventional hyperbolic equation [21] : -

P.s 
J.LEFF = --__;.~---

1 J.J.s V. + VMA.'(xL os 
(4.13) 

If the parameter VMAX is not specified by the user, IJ.E.PF is set to J.Ls and this effect is 
not modelled. 

4.5. Saturation Voltage 

The saturation voltage of a short-channel devic:e is the draln voltage at which the 
can·iers asymptotically reach the maximum velocity at the drain limit (see Fig. 4.2) : 

(4.14) 

After the substitution of the expressions of Qu and IBs. the above equation becomes : 

(4.15) 

From the above equation VosAT is solved, 

·v, _ Yes - VTH + VMAXxL _ _ / ~;-----"'-1 
DSAT - 1 + Fs f.LS -v (4.16) 

VDsA:,. will depend on V05 if the parameter ETA is not zE.ro. I' parameter VNtAX is absent 
from the input, the saturation voltage will be determined by the maxirnu.."Tl of the drain 
curr:mt equation, corresponding to the sit uation_uf channel pinc'1-off: 
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(4.17) 

4.6. Channel Length Modulation 

As Vns becomes greater than V.DSAT• the point where the carrier velocity begins to 
saturate moves towards the source. The channel length reduction, I!:.L, is formulated 
based on Baum's theory [7] : 

Ep Xo . XgEp 

r r 6L = v z + KAPPAxXo ( Vos- VosAT) - 2 
(4.18) 

where 

Ep =lateral fie~d uJ; channel pin-:::h-off point (4.19) 

= 

los.4T and GDSA'f are the drain c•rrrent and the drain conductance at saturation respe~­
tively. 

It should be noted that the point wher~ the velocity begins to saturate differs trom 
the point where the inversion charge goes to zero, i.e., the channel pinch-off point. 
V.osAT is the voltage at velocity saturation, while Ep is the lateral field at channel 
pinch-off. Thus the voltage across the depl~ted surface, of length 6.L, should be less 
than (Vas - VosAT). The parameter KAJ'PA is introd.uced to account for this effect. AB 
I!:.L appraoches L, the same scheme a:s described in Sec. 3.3.1 is used to prevent a 
negativE:! effective channel length. 

4. 7. Weak Inversion Conduction 

The equations in the weak inversion region are the same as those used in MOS2, 
which provide both the continuity of the drain current, the proper bias dependence 
and sufficient computaticnal efficiency. The same parameter NFS is used to turn on 
the vreak inversion feature. for details see Sec, 3.4. 
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4.8. Temperature Dependence 

All the quantities refer!'ed to in the model equations have the same temperature 
dependence as in MOS2. The four newly introduced parameters are all empirical. No 
temperature dependence has been developed for them as yet. 

4.9. Capacitance Model with Charge Conservation 

The total amount or charge residing on the gate, QG, can be evaluated as : 

(4.20) 

where 

qg = gate charge per unit area. (4.21) 

qc; = channel charge per unit area (4.22) 

=-Cox [vGS- Vru- (1+Fo) vy] 

After carrying out the L'ltegration, 

[ 
v; 1+.P8 l Qc = WxLxC0x Yes- (VFB +2sop-uVns)- ~s + lZP[ V.Bs (4.23) 

where 

1 +Fe 
F1 = VGS - Vru -

2 
Vns (4.24) 

Similarly. one can get the total bulk charge Qs as 

l Fe . Fo(1+F9 ) J 
Qo = -WxLxCoxlJ'F'sV2ipp-Vos + FN(2ipp-Vos) + yvns- 12 F

1 
V.Bs (4.25) 

The total channel charge Q~HAN results from the charge con.serv<1tion principle, 

QCHAN = -( Qc + Qo) (4.26) 

It is equally divided into the source arA the drain chargas in the linear region of 
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operation. In saturation QD gets a share XQC of QcHAN. 

r.:ach of these charges has three associated derivatives which are the capacitive 
elements in the circuit model. It should be noted that only six of these twelve capaci­
tive components are independent. 

4.10. Parameter Extraction for 11053 

The characteristics of small geometry MOSFET's are sensitive to the device dimen­
sions. The systematic parameter extraction requires measurements of several devices 
with dl.fferent combinations of length and width, and the manipulation of the collected 
data. The fundamental parameters VTO. NSUB, UO and/or GAi\1:MA and KP, which are 
common to both MOS2 and MOS3, should be extracted from a long and wide device, as 
described in next section. Only the extraction methodology of parameters relating to 
the second-order effects is described in the following : 

4.10.1. TIOO.'A. Mobility Modulation Parameter 

Th~ effective surface mobility is the slope of the [(Lx!Ds)/(WxCoxVDs)] versus Vas 
plot in the linear region, at constant ~s and VBs. as indicated by the current equation, 
(4.11). Rearrange Eq. (4.12) as: 

UO·= 1 + THETA(Vas-VTH) (4.27) 
JLs 

Clearly, parameter THETA is the slope of th~ ( UO /f.Ls) versus Vcs plot. In order to iso­
late the gate voltage infiuence from the hot electron eflect, the measurements of IDs 
versus l'Gs must be carried out at low VDS· say 0.2 volts. 

4.10.2. l!:l'A, Static Feedback Parameter 

The coefficient a, the slope of the Vm versus l'Ds plot at constant VBs as defined in 
Eq. (4.2) represents the magnitude of the static feedback effect. The determination of 
a involves the measurement of the threshold voltage of small geometry MOSFET's at 
interrnedate VDs level. The VTH's should be determined from the IDs versus VGS curves 
at different l'iJs. at low current levels (see Fig. 4.3). 
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Other threshold voltage determination algorithms, based on either the simple 
satu;ation current equation which is proportional to the square of ( Vcs- Vm) or the 
approximately linear current equation which is proportional to (Vas- VTH- VDS /2) VDS. 
does not hold because of the hot electron effect. Parameter ETA is related to a by 

ETA= a CoxL3 
n (4.28) 

The value of the empirical con.o;tant 0. see Eq. (4.3), has been adjusted such that, for 
most _practical deVices, ETA assumes a value close to one. 

4.10.3. DELTA. Width Etl'ect on Threshold Voltage 

The coefficient of the width effect on Vm at constant V11s. re~lates inversely to the 
chann~l width as indicated by Eq. (4.6). DELTA relates to FN(2~p-V95)W, the slope of 
Vm ve~sus 1/W plots, as: 

2Cox 1 
DELTA = slope -- (2 rr } 1rtsr 'f'F-YBS 

(4.29) 

Its value varies from process to process. 

4.10.4. WAX. Limited Velocity of Hot Electrons 

ThE' effective mobility at intermediate V.os level deviates from the value at low V.os, 
J.LS· Tht! parameter VMAX can be estimated as follows : measure l.os versus V~ at 
different. fixed V.os's. extract the effectiYe mobility, /-LEFT· from the collected data, a..'ld 
finally pi.ot (1/f.LEFF-liJ.Ls) versus V.os/L. The slope of this plot is the inverse of W.A.X. 
as indicated by the rearrangement of Eq. ( 4.13) 

Vos = _...::.:;:..,.__ 
VMAXxL (4.30) 

4.10.5. KAPPA. Correlation Coefficient of the Dram Field in Satu.ration 

The Eixtraction of parameter KAPPA from measurement is not as straight forward 
as for the other parameters. First, one has to estimate the approximate saturation 
voltage ar·.d saturation current using the VMAX obtained, as above. Then the channel 
length reduction can be estimated as : 

AL = £(1- IDs j 
f])SAT 

The slope cf the AL2 versus VDs plot is approXimately K4PPAx,;;.J 
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4.11. Performance Comparison between MOS2 and MOS3 

Though MOS2 and MOS3 share most of the model parameters, different values for 

the same parameter must be used to produce approximately the same characteristics. 

For example, the parameter WAX has no effect on the linear region characteristics of 
MOS2, while it lowers the effective mobility of MOSS. In order to get a match, a lower 
value for UO in MOS2 is required. 

The VBs dependence of the basic drain current equation in MOS3 is an approxima­
tion of that in MOS2. With all other parameters being properly adjusted for a specific 
device, say L=5J.J.m,NSUB=4x1015 cm -3andTOX=O.lJ.I37l., this approximation only intro­
duces about 2% deviation in the case of Yes well above VrH. The deviation increases to 
20% when the gate voltage is only 0.5 _volts above VrH· However, in the latter case, the 
device is already approaching subthr...eshold conduction and the li>asic strong inversion 
theory begins to fail. 

The benchmark runs with SPICE2.G inc.ic:~le that, with compatible input parame­
ters, the MOS3 model is up to 40% faster in the model comp:.::.tation Ume as compared 
with MOS2, depending upon the nature of the circuit and its operation. 
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Naturally the accuracy of th~. results of. aMOS IC simulation depends heavily on 
the values of the model input parameters: The I-V characteristics predicted by the 
equations of the model must match very closely the measured characteristics. The 
complexity of the equations in Sec. 3 is such that some computer aids are required to 
obtain the program value of the devic~ p~rameters. The best results are obtained if a 
characterization system is set up [22] whi.9hb,as as core a desk-top or a mini computer 
which controls the measuring instn~.nu~n~s and does the necessary computations for 
finding the model parameters. The equations implemented in the parameter extrac-

, ' \ .. \· . 

tion program must be identical to tb()~~. useq ~~the circuit simulator. A data acquisi-
tion software designed for a cert~ m~el provi.Jes accurate input parameters only for 
that particular model. When the model is changed, the parameter extraction software 
has to be changed as well. 

Another tool necessary for parameter extraction is a test chip which should have 
the following features: 
-a :;hort- and a long channel MOSFET; 
-a narrow- and a wide channel device; 
- dil!used resistances; 
- peoly-silicon resistances; 
- a rectangular and a meander form junction capacitor; 
- a thin and a field oxide capacitor. 

A desired feature of the parameter extraction software is to fmd the spread of the 
parameters for a number of wafer runs a.'l.d to group the parameters according to a 
certain criterion, e.g., speed or power consumption, into a worst, best and nominal 
cas,e input file [23]. 

It is the purpose of this section to illustrate the methodology and the minimum 
hardware software to extract the main input parameters for the MOS2 model. The 
rep:>rted work has been performed using a Tektronix 4051 desh-top calculator, Tek­
tronix 576 curve tracer, a C-V measuring instrument and a multtmeter. 

5.1. VTO and NSUB Measurement 

The measurement is taken on a saturated transistor connected to a curve tracer. 
Since at this starting point few parameters ace known, the saturated characteristic is 
approximated by a pa!"abola rather than using tl.1e exact current equation given in 
Sec 3. 
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where C; 1 is the ordinate at the origin of the C-V plot and. A1 is the area (known) of the 
rectangular capacitor. The measured results indicate that :V.J is very close to 0.5. 

CJSW and MJSW can be found using a linear regression through the ( VR, C;2) data 
points of the meander-form difi'usion Eq. (5.4) can be rewritten as 

. [ VR l log Cx = log (Px CJSW) - MJSWxlog 1 + PB) (5.5) 

where 

(5.6) 

The data processing is performed by PROGRA.i\H (see Appendix 1) which in 
response to the point pairs ( VR. C12) and other constants displays the result of the 
interpolation, i.e., CJSW and MJSW. 

If MJ = 0.5 is not adequate, PROGRAM1 can be easily moo.ified to perform the same 
linear regression as Eq. (5.5) for the large rectangular capacitor orJy to find :M.f. 

5.3. Mobility Parameter ExtracUon 

Finding the parameters which describe the mobility variation with the surface 
field is very i.mportanl for an accurate simulation of the I-V characteristic. 1:0, UCRIT 

and UEXP which appear in the mobility degradation formula of M:OS2 (see .E:q. (2.7)), 
must be found. 

The experimental setup allovrs independent varic:,tion of Vns and VGS on the curve 
tracer and to extract data points from the linear- (very low Vns) and triode region up 

to VnsAT· 

A straight line can be interpolated through these cata points by rearranging 
Eq. (2.7) 

(5.7) 

where 
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(5.1) 

The threshold Vm is taken as the intercept on the abscissa of the above linear regres­

sion through the coordinate pair ( ~. Vcs ). Several VrH are calculated; one for each 

Yes. 

Vm=VTO+GAMMA(.,JVso+PHI-VP!JJ) (5.2) 

wherE! PH1 = 2f/JF· From another straight line interpolated in the plane 
(VVS,9+PHI, VrH), the slope gives GAMMA and 

NSUB= GAMMA
2 

[ eox r 
2qesr TOX 

(5.3) 

All the above extrapolations are performed by PROGitA."Ir1 "¥~Titten in BASIC for the 
Tek 4051 the listing and operating instructions of which are contained in Appendix 1. 

The user has mainly to input only the UDs.Vc.:5') point pairs and the Ves stepping and 
the program will display VTO, GAMMA and NSUB. 

These measurements should be performed on a long and wide channel MOSFET 
since the above values will then be corrected by the program for small-size ef.!'ects. For 
more .:lccuracy the extraction program could perform one more iteration once the first 
estimate has been found for VTO and NSUB and use the exact current equation as 
implemented in MOS2. 

5.2. Capacitance Measu.:--ements 

A8 has been already mentioned in Sec. 2 the junction capacitance is separated into 
a bottom and a sidewall capacitance 

CJ CJSW 
Cnor=A [ VR l'w I p [ V lN":.>r 

1+~ 1+ P~) 
(5.4) 

where A represents the plane area (on tayout). P the perimeter and VR the revers.a bias 
applied to the junction. 

CJ can be found first by assuming thal: the sidewall capacitance of the large rec­
tangular capacitor is negligible. From a C-V plot, one gets 
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with 

/-Ls - KPi. 
UO- KP0 

KPi - conduction factor for different VGS 

KP0 - maximum value of conduction factor 

(5.6) 

UEXP and UCRIT are obtained from the above linear regression as the slope and y 

intercept respectively by plotting log(KPt.IKP0) on they- and log(Vas-V111 -UTRAxV.os) 

on the x axis. 

The data processing is performed again by PROGRAMl by specifying ( V.os, Vas, I.os) 

points where for different Vcs curves different maximum V.os values are entered in 

order to cover each characteristic up to V.osAT· PROGRA..M:l computes UO, UCRIT and 

UEXP for each 10s range and at the end displays an average for each of the three 

values over the whole interval. 

5.4. 1\p?roxi.mati-:>n of VMAX 

A second program written in BASIC for the Tek 4051, PROGRA1\tl2 (see Appendix 2) 

helps V\lith its two options to evaluate VMAX. The first alternative is to plot V.os.4r as a 

function of the effective channel length L with Vas as a parameter. }i'or each VMAX, one 

gets a different set of curves. Fig. 5.1. shows such a sample plot. 

The second option plots f.osAT as a function of W,l\X. with Vas as a parameter. A 

different set of curves resclts for each L. A sample plot for this option is shown in 

Fig. 5.2. 

Starting from the measured characteristics one defines V..osAT as the voltage start­

ing from which the I-V curve can be approximated by a straight line and the current 

corresponding to this point is I,IJSA'I'· With these values one can get a good guess for 

VMP.Y. from plots similar to those in Fig. 5.1. and 5.2. It is emphasized that PROGHAM2 

uses the same equations as those implemented in SP1CE2.G for V..osAT (Vlil.AX). 
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6. SIMULATION EXAMPLE 

It is the purpose of this example to show the ease with which a section of a CMOS 
U1 circuit is accurately simulated starting from the layout and using the new device 
cc: rd format and model input parameter. The circuit of Fig. 6.1 represents a short path 
of aMOS/LSI circuit. The output signal CS generated from CLK can be measured at an 
ot.tput pad and compared with the simulated waveform. The input deck for SPICE2.G is 

gi' ren in Appendix 3. 

The measured circuit chips were, located on the same wafer with the test patterns 
fr1>m which the parameter extractionlhas been performed. For an accurate simulation 
at: the parasitics of the layout must ~e included; R 1 represents the series resistance of 
the input pad protection while R2 and R3 represent cros:!under diffusions. Each C 
indudes all the capacitive etfects associated with that node, e.g., C1 is contributed by 
Al:-to-Field oxide, Poly to-field, N+ and P+ junctions and t.bJ.n oxid·~. where for each the 
accurate overlap area must be evaluated. Each of the gc:tes has been modeled as a 
subcircuit. A load capacitance of lOOpF has been used; the rest is attributed to the 
probe and parasitics. Fig. 6.2. shows a sample simulated output of the waveforms. 

An interesting result has been obtained by performing the simulation with and 
wi :hout sidewall capacitance and with and without scattering-limited drift-velocity 
et'lects (W.AX). The input tile given in Appendix 3 is complete in the sense that it 
indudes series resistance, sidewall capacitance and drift velocity saturation. The dev­
icHs which have no perimeter specified had a negligible sidewall compared to the area. 

The results of the different simulations and the measured values are summarized 
in Table I. It can be noticed that the above two effects contribute a 15 to 20% accuracy 
irr provernent and the simulated results of this circuit containing 22 MOSFET' s is within 
5 1 o 10% of the results for the actual circuit. 
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TAB1E I ) 

SIMULATED 

P.ARAMETER t1~ASI.!RED W/0 Sidewa11 ¥J/ Sidewall 
W/0 VMAX W/ VMAX W/0 VMAX W/ VMAX 

. 

Delay C, = 20pF 64 - 75 49 51 60 62 1 .. 
T 0 ( NS} CL = 12~pF 90 - 105 70 79 81 91 

FJll Time: cL .., 20pF 32 - 36 22 24 24 26 
' 

' 

T F ( NS) \ CL = 120pF 85 - 120 90 100 94 102 
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Appendix 1 

User Instructions and Listing of PROGRAMl 

Load the program from the tape cartridge (TektronJ.x 4051) by typing: 

FJLEn CR 
OLD CR 

VfO, GMfMA. and NSUB Interpolation 

Calcwator prompts: 

TYPE OF l.JN REGRESSION, D:SV1CE TYPE, 

NO. OF POINT PAlRS, NO. OF CURVES 

A11.S1rer 

GP.IviMA 

N (or P) 
no. of (IDs. Vas) pairs for each Ym. 
no. of different VSB values 

Prompt: 

PHL TOX, VSB STEP 

CR 
CR 

CR 

Ente:~ appropriate signed values: although NSUB is not yet known specify guess for PHI 
(2tp r'l. 
Prompt: 

n, VSB = value, VGS = , IDS(UA) = 

wher8 n specifies the coordinate pair number, value the Vss value and the user enters: 

VGS value, IDS value in J..L.~ CR 

'lhis ls repeated as many times as necessary for entering all data as specified at the 
begirning; VGS must have the appropriate sign. 
At conclusion the program will print: 

'ffO =value, GAJ.U.IA =value, NSUB =value 
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Capacitance Interpolation 

Answer in response to the starting prompt (TYPE OF IJN REGRESSION, etc): 

CAPACITANCE 

N (or P) 
no. of ( VR , C12) point pairs, 
1 

Prompt: 

PB. CJ (PF/U-"2), AREA (U .... 2), PERIMETER 

CR 
CR 

CR 

where PB and CJ have the same meaning as in SPICE2 and AREA and PERIMETER refer 
to the meander form capacitor. 
Enter the corresponding values separated by commas and CR after the last one. 

At the conclusion the calculator vrill disp!ay: 

CJSW' =value. MJSW =value 

The program assumes CJ known and interpolates for :t.lJ=0.5; it can be easily modified 
for a two step interpolation, first for CJ and MJ with the area of the rectangular capaci­
tor, and then for CJS\V and MJSW. 

Mobility Interpolation 

fl..nswer in response to the starting prompt (TYPE OF IJN REGRESSION, etc): 

MOBIIJTY CR 

N (or P) CR 

no. of (VGSJ]}S) point pairs, 
no. of different VDS ranges CR 

fhe range of VDs has the meaning that different VDs values can be specified for each 
lc.s = constant characteristic in order to cover each Vas curve up to the saturation 
·oint VDsAT· For the sample data shmm in Table A.I enter: 

MOBIIJIT CR 
P CR 
4.4 CR 

:>mpt: 

VTO, NSUB, TOX, UTRA. W, LEFF, VSB 

respective values are entered separated by commas and a CH after the last one. 
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LEFF is the layout channel length less .the under-diffusions. 
Prompt: 

n, VDS =, YGS =, IDS(UA) = 

where n is the current number of data point set; at each such prompt one line from 
Table A.l has to be input. After all data for one VDs range have been input the 
corresponding UO, UCRIT, and UEXP are displayed: 

VDS = value, UO = value, UCRIT = value; UEXP = value 

This operation is repeated until all the different VDs ranges are entered. At the end the 
program will print an average value for the three mobility factors over all the data 
points. An example is shown in Fig. Al. 
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TABLE AI. 

VDS VGS ms (uA) l -0.2 -2.5 18 
-3.0 22.5 
-3.5 26 
-4.0 30 

-OA· -2.5 32 
-3.0 40 
-3.5 49 
-4 0 . ! 57 

-1.0 -3.0 77 
-3.5 102 
-4.0 120 
-4.5 145 

-1.5 -3.5 125 
-2.0 -4.0 180 

-4.5 220 
-5.0 255 
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I 
.j::-. 

\0 
I 

-,. 
TYPE OF LIN REGRESSION, DEUICE TYPE, 
NO. OF POINT PAIRS,NO, OF CURVES 
HOBILITY 
p 
.f,4 
UTO,HSUBtTOX<U>tUTRAtU<U>,LEFF<U>,USI 
-.6S4,J.lEts •• s~s.e.zs,sa.e,4.s,e 

1 · UDS• UGS•· 
-9.2,-2.5,18~ . 
2 . ~DSa UGS• 
-9.2,~3.22.5 <. 
3 vDS• UGS• 

IDI<UA>• 
IDI<UA>• 
IDICUA>• 

-a.2,-3,S,26 ~ 
4 • UDS• UGS• IDI<UA>• 

-.2~-4,38 . . . 
UDS•-8,2 UO•l72.4184S317S UCRIT•48t48.817238S UEHP-1.2218186SI741 

. . 1 UDS• UGS• IDS(UA>• 
•e.4,-2,S,32 

2 UOI• UGS• 
-9.4,-3,49 
3 UDS• UCS• 

IDS<UA)• 
~ 

'DS<UA>• -a. 4, -3. s. 4t . 
4 UDI• UCS• IDS<UA>• 

-1;4,-4,97 . 
ODS•-8.4 UO•IGt,?73t~2211 UCRJT•4418§16S~4~~4. UEXP•I.J74flZll?ll2 . 

1 UOS• UGS• IDI<UA)• -t.S,•3.Stl2S 
· 2 UDS• UCI• 

-2,-4,181 
3 

-2,-4.5,221 
UOS• e.N:S• 

IDI<UA)• 
IDI(UA)• 

4 · UDS• ""Sa IDICUA)• -2,-5,255 
UDS•-2 UO•IGI,S84371677 UCIIT•67SI2.4l,792S UEXPal.lt451411ill' 

t8t Al~RAC£ OUER SPECIFIED INTERVAL **' · 
ttt UO•l6S,07i&82417 . UCRIT•SSI27.7C4!lll 

L~~?•8.17SI378114l 
FIG. A.l. 
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I 
<.n 
0 
I 

90 IHIT 
100 LET G$="GAMMA" 
110 LET US="MOBILITV" 
120 LET C$="CAPACITAHCE" 
130 PRINT "TYPE OF LIH REGRESSION, DEVICE TYPE," 
140 PRINT "HO. OF POINT PAIRS,NO. OF CURVES" 
150 INPUT TS,QS,M,Ml 
160 T=l 
170 IF Qf="H" THEN 190 
180 T=-1 
190 DIM K1(M),U6(M),XCM),Y(M),U4CM> 
200 DIM UO<M1),U1<M1>,U2CM1),U9CM1),82<M1) 
210 N9= 1.. 45E+ 10 
229 H1=0 
23£t N=(t 
240 tH=tH+l 
250 N=N+l 
260 IF TS=C$ THEN 1350 
270 IF TS=G$ THEN 920 
280 IF T$=U$ THEN 310 
290 PRINT •'HOW ABOUT ANOTHER REAvit~G OF THE USERS'f1t1ANUAL, ~~UJl£1" 3flfJ STOP . , . .: . · 
310 IF H>l THEN 440 
320 IF Hl>l THEN 440 
330 PRINT "UTO,NSUB,TOX<U>,UTRA,W<U>,LEFFCU),VSB" 
349 INPUT V1,H9,T0,UJ,W,L,U5 
350 T9=T0t1.9E-4 
369 W=W:f. 1. eE-4 
370 L=Ltt. 0E-4 
3813 E2=1.04E-12 
390 E0=8.845E-14t3.9 
400 F2=Tt0.952tLOGCH0/N9) 
410 G0=SQRC3.2E-19tE2tH0)/£0tT0 
420 U0=U1-F2-T*G0iSQR<T*F2) 

.. 



I 
c.n 
--' 
I 

·) 

PROGRAM 1 (continued} 

430 AO=T*<F2+VS> 
440 PRINT N,"UDS=","UGS=","IDS<UA>=" 
450 INPUT U4<H>,U6<N>,Y0 
460 A1=AO+T*U4<N> 
470 A2=SQR(A0)t3 
480 A3=SQR(Al)f3 
490 B0=2~3tG0t(A3-A2) 
500 IO=(U0+F2+U4(N)/2)tU4<H> 
510 U2=U1+U3tU4(H) 
520 ll=Y0*1.0E-6 
530 DO=U6(H)tU4CH)-10-B0 
540 K1 on=I l.·'DO 
550 IF H=l THEH 570 
560 IF H>l AHD K1CH)<=K0 THEH 580 
c:-~,, v- 1..'1 'tJ' 
..J ( ~ rd1 = '" l. ., .J 
580 IF H<H THEH 250 
590 Sl=O 
600 S2=0 
,.li:J- Ci-1"'• b wv-~ 

620 S4=0 
630 FOR J=l TO M 
640 K1(J)=LGT(Kl(J)/K0> 
650 U6(J)=LGT<Tt(U6CJ)-U1-U3*U4CH))) 
660 Sl=Sl+V6CJ) 
670 S2=S2+U6<J>t2 
680 S3=S3+K1(J) 
699 S4=S4+U6(JitK1CJ) 
700 NEXT J 
718 UOCH1>=K0tT0/E0tl/W 
720 H0=<S3tS2-S1*S4)/(HtS2-Slt2) 
720 S0=(HtS4-SltS3)/(HtS2-S1t2) 
74e u2oH >=-se 
750 IJ1<H1>=10t<-H0/S0)t3.9/(T0t11.7) 
760 PR ItH "tJDS= II; tJ4 o~ >; II uo="; ue <tH H.. ucR IT= '1 ; u 1 < H 1 >; ..... UEXP= .. a u2 < H 1 > 
770 IF Hl<Ml THEH 230 
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I 
U'l 
N 
I 

780 U6=9 
790 U7=0 
SOO US=O 
810 FOR K=t TO Mt 
820 U6=-LI6+U0\K) 
830 li7=U7+LI1(K) 
840 U8=UB+U2 00 
850 NEXT K 
860 U6=U6.·'fH 
870 U?=U?..-~11 
88[1 li8=U8.·'f·11 
890 PRINT " ttt AVERAGE OUER SPECIFIED IHTERUAL ***" 900 PRINT" ttt UO=";U6,"UCRIT=";U7,"UEXP=";U8 .910 GO TO 1570 
920 IF H>l THEN 1060 
930 IF H=l AHD H1>1 THEU 1000 
940 PRIHT "PHI.TOX(U),USB STEP" 950 INPUT F2,T~,D1 . 
960 TO=T&t.1.0E-4 
qoo uc:c1 -'-' .,J u 

990 GO TO HHfJ 
1000 l)5=l.J5+D 1 
1010 51=0 
1029 S2=0 
1030 S3=fl 
1040 S4=0 
1050 B2<Hl>=SQR(Tt<U5+F2)) 1060 PRIHT N,"USB=";US,"UGS=","IDS<UA>=" 1070 I HPUT X0, '(0 
1080 Y2=SQR<YOtt.OE-6) 
Hi90 Sl=S1+T:tXe 
llBB S2=S2+X01-2 
1110 S3=S3+'f2 
1120 S4=S4+TtXOtY2 
1139 IF H<M THEN 250 
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PROGRAM 1 (continued) 

1140 D2=H*S2-S1t2 
1150 NO=(S3lS2-S1*S4)/02 
1160 SO=<HtS4-Sl*S3)/02 
1170 U9(H1>=-T*HO/SO 
1180 IF Nl<Nl THEH 230 
1190 S1=0 
1200 82=0 
1210 S3=0 
1220 S4=0 
1230 FOR J=l TO Ml 
1240 Sl=Sl+B2(J) 
1250 S2=S2+B2CJ>t2 
1·:;. .-,) C·7-CJ+TtlJQ; J' -co ~~-~ ·-.~~ J 
1278 S4=S4+Tt.U9(J)t82CJ) 
1280 NEXT J 
1290 D2=HtS2-S1t2 
1300 H8=CS3t.S2-Slt.S4)/D2 
1 7 t•"ll .~ ., = \ t u" c 4 _ c 1 + c· 7 ) .' IJ ·;.. w ~ u... . 11t·"-" w ·f·\J'-'. • L,~ ~ 

1320 H5=<3.9tG2/l0)t2t8.854E-14/3.744E-18 
1330 PR I HT "l.JTO= II; l.J9 ( 1)' II GAt·ll'lA= It; G2' "HSUB= II; NS 
1340 GO TO 1570 
1350 IF H>1 THEH 1420 
1360 PRINT "PB,CAO<PF/Uf2),AREA<Ut2),PERIMETER<U)" 
1370 INPUT F3,CO,AO,P0 
1380 S1=0 
1390 S2=0 
1400 S3=0 
1410 S4=0 
1420 PRIHT H,"UR,CJ<PF)" 
1430 IHPUT Ul,Cl 
1440 K=Cl-AOiCO/SQR(1+U1/F3> 
1450 XB=LGT(l+U1/F3) 
1460 '(0=LGT(K) 
1470 Sl=Sl+XO 
1489 S2=S2+X01'2 
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1490 S3=S3+Y0 
1500 S4=S4+XOiV0 
1510 IF H<M THEH 249 
1520 HO=<S31S2-Sl*S4)/<H*S2-S1t2) 
1530 SO=<Nt.S4-Sl*S3)/(H*S2-S1t2) 
1540 C2=1BtCN0-6)?P0 
tsso r·w=-se 
1560 PRIHT "CPO(F/M)= "JC2,uM= ";M0 
1570 END 

,, 
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Appenmx 2 

User Instructions and Listing of PROGR.ut2 

Use the same procedure as in Appendix 1 to load the program from the tape cartridge. 
Prompt: 

SELECT 1YPE OF PLOT: ENI'ER 1 FOR VDSAT = F(L) 
2 FOR IDSAT = F(VMAX) 

Enter: 

1 (or 2) CR 

A first set of parameters is require?- next: 

TYPE, VTO, NSUB, TOX(U), W(U), LEFF(U), VSB 

Enter the required data as follows: 

N (or P) CR 
values CR 

The values are input separated by commas and a CR at the end of the line. 
Additional parameters are required next: 

UO, UCRIT, UEXP, UTRA, VMAX (MIS) 

These are input in the same dimensions as used in SPICl~2. G. 
The Emits and step size of the variable (L or VMAX depending on which type of plot has 
been selected, 1 or 2 respectively) are requested next: 

LOWE!< LEFF OR VMA-'\., UPPER LEFF OR VMAX, STEP, 

LOWER [vGs). UPPER ~Gs). [sTEP] 
After entering these last values plots of the type shown in Figs. 5.1. and 5.2. will be 
displayed on the screen. 
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PROGRAM 2 

90 IHIT 
100 DIM V9<J>,V1<24),A4(4),84(4),P9<24) 
110 PRIHT "SELECT TYPE OF PLOT: EHlER 1 FOR VDSSAT=F<L>• 
120 PRINT P 2 FOR IDSS=F<UMAX>• 
130 IHPUT T6 
140 PRIHT "TYPE,UTO,HSUB,TOX<U>,W<U>,LEFF<U>,VSB" 
150 IHPUT Tf,US,H0,T0,W,L0,US 
160 T=1 
170 IF Tf="H" THEH 190 
180 T=-1 
190 L0=L0*1.0E-4 
200 T0=T0t1.0E-4 
210 W=W:t.l.OE-4 
229 PRINT uuo,UCRIT 1 UEXP,UTRA,UMAX<M/S)" 
230 IHPUT UO,Ul,U2,U3,U 
240 PRINT "LOWER LEFF OR UMAX,UPPER LEFF OR VMAX,STEP• 
250 IHPUT Wl,W2,W3 
260 IF T6=1 THEH 290 
270 W1=W1t1.0E-4 
280 W2=W2tl.GE-4 
285 W3=W3t.1.uE-4 
290 l.J=l.Jt.l BO 
300 H=IHT<CW2-W1)/W3)+1 
310 DIM X(H),YC10,H) 
320 PRINT "LOWER /UGS/,UPPER /UGS/,/STEP/" 
330 IUPUT W4,W5,W6 
340 H1=1.45E+10 
350 E0=3.45E-13 
360 E2=1.04E-12 
370 1.)0=0.026 
380 Q=L 6E-19 
390 F2=Tt2tU0*LOGCH9/H1> 
400 CO=EO/T0 
410 QO=SQR<2*Q*E2tH0tF2*T> 

'\ 
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420 GO=Q0/(C0*SQR(F2*T>> 
430 F0=VS-F2-T*G0*SQR<T*F2> 
440 Gl=QO/CO 
450 U7=U8+GO*(SQR<T*<U5+F2))-SQR<TtF2)) 
460 11=1 
470 FOR I=W4 TO WS STEP W6 
480 ~J6=Tt I 
490 V1=T*<U6-FO+US) 
500 U2=T$(U5+F2> 
510 A1=4.<3iG0 
520 B0=-2tU1 
530 DO=-U2t2-4~3tGOtSQRCU2fJ)+2tU1*U2 
549 U3=U6-F0-F2+TtG0t2/2*<1-SQR(l+Tt4/C0t2*<U6-F0))) 
550 U=U2tLOG<UltE2/C0/(T*<U6-U7-U3*U3))) 
560 U=UOtEXP<U) 
570 IF U<=UO THEN 590 
580 U=UO 
590 Jl=l 
600 FOR J=Wl TO W2 STEP W3 
610 IF T6=2 THEN 660 
620 LO=Jt1.0E-4 
630 IF 11>1 THEN 690 
640 X(Jl)=LOt10000 
650 GO TO 690 
660 l.J=Jt 1000000 
670 IF 11>1 THEH 690 
689 X<Jl)=Utl.OE-6 
690 lJ9=l.J:tL0/U 
700 Cl=-2tGO:tV9 
710 B 1 =B0-2~.lJ9 
729 Dl=D0+2tU9tU1 
730 A=-81 
749 B=Al:tC1-4fD1 
750 C=-D1t<Alf2-4fB1)-C1t2 
760 R=-(Af2)/3+B 
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770 S=2i(A/J)t3-A*B/3+C 
780 R3=R*R*R 
790 S2=S1:S 
800 P=S2/4+R3/27 
810 IF ~=>O THEN 900 
820 PO=ABS<P) 
830 RO=SQR<S2/4+P0) 
840 P2=-SQR(P8) 
850 F=ATH<2*P2/S) 
660 RO=EXP<LOG<R0)/J) 
870 YOC1)=2tROtCOSCF/3)-A/3 
C•O::•Ct t•-J 
'-·~·u ,-
890 GO TO 999 
9£10 H=t 
910 P2=SQR<P) 
920 P3=-Sl'2+P2 
930 P4=-S/2-P2 
940 P5=SGtHPJ) 
950 P6=SGtH P4) 
960 P3=P5tEXP<LOG(ABS<P3))/J) 
970 P4=P6tEXP<LOG<ABS<P4))/3) 
980 YO<t>=PJ+P4-A/3 
990 H1=0 
1000 K=1 
1010 A3=A1t2/4-B1+YO<K) 
1020 B3=YO(K)f2/4-D1 
1030 A3=SOR<A3) 
1040 BJ=SG!R<BJ) 
1050 FOR M=1 TO 4 
1060 Sl=IHT(<M-1)/2) 
1079 A4(M)=A1/2+-tt<M-1>*A3 
1080 B4<M>=Y0(K)/2+-1tS1tB3 
1090 D4=A4CM>*A4(M)/4-B4CM) 
1100 IF D4<0 THEH 1170 
111 0 111 =t11 + 1 
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t'I\UllKfWI t. l cont 1 nued) 

1120 V1<M1>=-A4<M)/2+SQR<D4> 
1130 P9<Ml>=Y1CM1>t4+A1*Yl<M1>t3+Bl*Y1<Ml)t2+C1*Y1<M1>+Dl 
11 4 0 ~11 = N 1 + 1 
1150 Yt<N1>=-A4CM)/2-SQRCD4) 
1160 P9<Mt>=Y1<M1)t4+Al*Yl(M1)t3+Bl*Y1<M1)t2+C1*Y1<Ml)+D1 1170 HEXT M 
1180 H2=0 
1190 FOR K=l TO Mt 
1200 IF ABS<P9(K)))1.0E-S THEN 1279 
1210 IF Y1(K)(0 THEH 1270 
1220 H2=H2+1 
1230 IF .. f-12>1 THEN 1250 
1240 Y2='l1 (K) 
1250 IF Y2<Y1<K> THEN 1270 
l ·)CCt U·:;)-\11 ''V) .... \,.•u 1 ..... - 1 .. r-. 
1270 NEXT ~~ 
1280 U4=TfY2*Y2-U5-F2 
1290 IF T6=2 THEN 1320 
1300 Y(Jt,J1)=TtU4 
1310 GO TO 1330 

,., 

1320 Y<I1,Jt>=W/L0tUtC0*<<U6-F0-F2-U4/2)*U4-2/3tG0tCY2t3-SQR<U2>tJ)) 1330 J1=J1+1 
1340 NEXT J 
1350 11=11+1 
1360 NEXT I 
1370 11=11-1 
1380 Jl=J1-1 
1390 S3=5 
1400 S0=LGTCY(I1,J1)) 
1410 Sl=INTCS0) . 
1420 IF SO-S1=>LGT(7.S) THEN 1510 
1430 IF S0-S1>LGTCS> THEN 1490 
1440 IF S0-Sl>LGT<2.S> THEH 1470 
1450 S2=2.5 
1469 GO TO 1530 
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PROG~AM 2 {continued) 

1470 S2=5 
1480 GO TO 1530 
1490 S2=7.5 
1500 GO TO 1530 
1510 S2=10 
1520 S3:::1fJ 
1530 SO=S2:t: 1 O·tSl 
1 5 ·l 0 D I r-1 '•' 7 ( J 1 ) 
1550 PAGE 
1560 GOSUB 1659 
1570 FOR 1=1 TO 11 
1580 FOR J=l TO Jl 
1590 Y7(J)=Y<I,J) 
16013 NEXT J 
1610 MOUE X(l),Y7(1) 
1620 fJRAW ~, '(7 
1630 NEXT I 
1640 GO TO 2040 
1650 REH ttt DRAW AHD LABEL AXES *** 
1660 UIEWPORT 25,120,20,90 
1670 A=X(1) 
1680 B=X<Jl) 
1690 C=O 
1700 D=SO 
1710 T8=S2/4t10t<S1-1) 
1720 T9~0.02*<B-A) 
1730 WltWOW A-T9, B, C-TS, 0 
1740 T=T8 
1750 f10lJE A, 9 
1760 FOR 1=1 TO J1 . 
1770 DRAW A+(I-1)*(8-A)/(Jl-1),0 
1789 PRIHT "~JJ";X<I> 
1799 HOUE A+<l-1)t(B-A)/(J1-1),C-T 
1800 DRHW A+(l-1)t<B-A)/(Jl-1),C+T 
1819 MOUE A+<I-1>t<B-A)/(J1-1),C 

..iJ 



1820 HEXT I 
1830 T=T9 
1840 MOVE A,9 
1850 FOR 1=1 TO SJ+t 
1860 DRPW A,<J-1)t(0-C)/SJ 1870 PRIHT "HHHHH";S2/S3t<I-1) 1860 MOUE A-T~(I-1>*<0-C)/SJ 
18~0 ~RAW A+T,(I-1)*(0-C)/SJ 1909 MOUE A,<I-1)i(D-C)/S3 1910 NEXT I 
1920 MOUE A,C+2~3tSO 1930 IF T6=2 THEN 1960 
1940 PRIHT "HHHHUHUUU~UHJDHJSHJAHJT" 1950 GO TO 1970 
1960 PRINT "HHHHUHHHUHIHJDHJSHJS" 1970 PRINT "JJ t101";S1 1980 MOUE A+l/3t(B-A>,C 

~ 1990 IF T6=2 THEH 2020 ~ 2000 PRINT "JJJJJ LEFF <U>" 2010 GO TO 2030 
i 2020 PRINT "JJJJJ UMAX t19t4 CM/S)• 2030 RETURH 

2040 END 
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Appendix 3 

Example circuit SPICE2.G Input 

SECTION OF CMOS LSI CIRCUIT FOR SP1CE2.G 

.OPTIONS ABSTOL=lU ACCTVNTOL=lOON NODE 
• 2 IN NAND DEFlNITION 
.SUBCKT NAND 1 2 3 4 5 

Ml 3 1 6 5 Nl W=40U L=BU AD=BOOP AS=;:,r30P NRD=2 NRS=l 

M2 6 2 5 5 Nl W=40U L=BU AD=280P AS=2080P NRD=l NRS=6 
M3 3 1 4 4 Pl W=20U L=BU AD=336P AS=1161~p NRD=l NRS=3 
M4 3 2 4 4 Pl W=20U L=BU AD=336P AS=t:.e4-P l'~RD=2 NRS=B 
.ENDS NAND 

• INVERTERS 210 A.\'D 2~1 

.SUBCKT I1\Y210 1 2 3 4 

M5 2 1 4 4 Nl W=24U L=BU .AD=828P AS=1024P NRD=40 .NRS=17 
M6 2 1 3 3 Pl IV=24U L=BU AD=1432P AS=40~0P NRD=5 NRS=1B 
. ENDS INV21 0 
.SUBCKT 11\V211 1 2 3 4 

M7 2 1 4 4 Nl W=BU L=BU AD=200P AS=5120P NRD=7 NP.S=65 
MB 2 1 3 3 Pl W=BU L=BU AD=160P AS=4040P N"RD=3 NRS=B 
. ENDS IN-v211 

• 3 IN NOR GATE 
.SUBCKT NOR 1 2 3 4 5 6 

M10 4 1 6 6 Nl W=20U L=BU AD=1150P AS=5120P NRD=22 NRS=65 
+ PD=125U PS=230U 
M11 4 2 6 6 N1 W=20U L=BU AD=1150P AS=5120P NRD=22 NRS=65 

+ PD=125U PS=230U 
M12 4 3 6 6 Nl W=20U L=BU AD=1150P AS=5120P NRD=75 NRS=65 

+ PD=l25U PS=230U 
3 5 5 P: W=60U L=BU AD=420P AS=960P NRD=.5 NRS=l 
2 7 5 Pl W=60U L=BU AD=1020P AS=420P NRD=l NRS=.5 

M15 4 1 8 5 P1 W=60U L=BU AD=960P AS=1020P NRD=l NRS=l 
.El\:OS NOR 

M13 7 
M14 8 

• OU'fT?UT BUFFER 
.SUBCKT OUTBUF 1 2 3 4 56? 8 
M20 t;. 8 6 6 N1 W=384-U L=BU r-\D=414BP AS=S048P NRD=5 NRS=.5 
+ PD=445U PS=1510U OFF 
M21 4 8 5 5 P1 W=824U L=BU AD=11560P AS=9330P NRD=.5 NRS=.5 
+ PD=ll90U PS=:650U 

M22 8 7 6 6 Nl W=128U L=BU AD=1900P AS=304BP ~RD=2 NRS=5 
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+ PD=210U PS=1510U 
M23 7 8 6 6 N2 W=BU L=40U AD=1800P AS=604BP NRD=lO NRS=15 

+ PD=150U PS=1510U OFF 
M24 7 8 5 5 P2 W=8U L=40U AD= lOOOP AS=9360P NRD=6 NRS= 12 
+ PD=150U PS=1650U 
M25 B 7 5 5 Pl W=12BU L=BU AD=l ?40P AS=9360P NRD=4 N'"RS=4 

+ PD=205U PS= 1650U OFF 

M26 1 2 ? 5 P1 W=24U L=8U AD::;;1400P AS=300P NRD=8 NRS=3 

+ PD=1?5U PS::;;110U OFF 

M2? 1 3 7 6 Nl W=24U L=8U AD=600P AS=540P NRD=l4 NRS=24 

+ PD=245U PS=200U OFF 
CFF 7 0 B4F 

.ENDS OUTBUF 
• CIRCUIT DESORIPTION 

CALFIO 1 0 BOF 
R1 1 2 2.2K 
CZ 2 0 3.3P 

R2 2 3 235 

CALFI2 3 0 384F 

R3 3 4 1.27K 
CALFI3 4 0 116F 
Xt\.!\1\lD 4 5 6 20 0 NAND 

VFl 5 0 10 
C6 6 0 200F 

XNOR 8 6 7 9 20 0 NOR 

XINV1 9 10 20 0 INV211 

ClO 10 0 67.5F 
VH36 7 0 

XIJ\'VO 11 8 20 0 INV210 
vcso 11 0 10 
CB B 0 65F 

XOUT 8 10 9 13 20 0 15 14 OUTBUF 
CL 13 0 20P 
YIN 1 0 PULSE(O 10 iON 10N lON 200N 400N) 

VDD 20 0 10 

.NODESETV(13)=10 V(14}=0 V(15)=10 

.TRA.i'\1 1N lOON 
.. PLOT TRAN V(l) V(2) V(3) V( 4) V(6) V(9) V( 10) V(13) (0, 10) 

.MODEL Pl PMOS(TOX=O.l25U NSUB=3.2El5 VT0=-0.65 XJ=L5U J~D=l.125U 

+ JS=7.75E-5 PB=O.BB U0=191 UCRIT=4. 14E4 UEXP=O. 16 UTFC.A=O 25 
+ CGB=3E-10 CGD=3.26E-10 CGS=3.26E-10 CJSW=lf v;,£P.J(=5~::4 NEF'F=3 
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+ RSH= 14 LEVEL=2) 
.MODEL Nl NMOS(TOX=O.l25U NSUB=10E15 VT0=0.924 XJ==l.9U LD=1.5U 

+ JS=L24E~4 PB=O.B9 U0=622 UCR1T=3.97E4 UEXP=0.08 UTRA=0.25 

+ CGB=3E-10 CGD=4.35E-10 CGS=4.35E-10 CJSW=2FVMAX=5E4 NEFF=3 

+ RSH=3 LEVEL=2) 
.MODEL P2 PMOS(TOX=0.125UNSUB=3.2E15 VT0=-0.65 XJ=1.5U LD=1.125U 

+ JS=7. 75E-5 PB=0.86 U0=222 UCRIT=5.83E4 UEXP=0.15 UTRA=0.25 

+ CGB=3E-10 CGD=3.2.SE-10 CGS=3.26E-10 CJSW=1FVMAX=5E4 NEFF=3 

+ RSH=14 LEVEL=2) 
.MODEL N2 NMOS(TOX=0.125U NSUB=10E15 VT0=0.924 XJ=1.9U LD=1.5U 

+ JS=1.24E-4 PB=0.89 UO=B14 UCRIT=6.2E4 UEXP=0.13 UTRA=0.25 

+ CGB=3E-11 CGD=4.35E-10 CGS=4,3!5E-10 CJ3W=2F VMAX=5E4 NEFF=3 

+ RSH=3 LEVEL=2) . 

. END 
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